The forkhead box transcription factor A2 (FOXA2) is an important regulator in animal development and body homeostasis. However, whether FOXA2 is involved in transforming growth factor β1 (TGF-β1)-mediated epithelialto-mesenchymal transition (EMT) and tumor metastasis remains unknown. The present study showed that in human lung cancer cell lines, the abundance of FOXA2 positively correlates with epithelial phenotypes and negatively correlates with the mesenchymal phenotypes of cells, and TGF-β1 treatment decreased FOXA2 protein level. Consistently, knockdown of FOXA2 promoted EMT and invasion of lung cancer cells, whereas overexpression of FOXA2 reduced the invasion and suppressed TGF-β1-induced EMT. In addition, knockdown of FOXA2 induced slug expression, and ectopic expression of FOXA2 inhibited slug transcription. Furthermore, we identified that FOXA2 can bind to slug promoter through a conserved binding site, and that the DNA-binding region and transactivation region II of FOXA2 are required for repression of the slug promoter. These data demonstrate that FOXA2 functions as a suppressor of tumor metastasis by inhibition of EMT.
Introduction
Tumor is known as one of the most dangerous threats to human health, and ~90% of all cancer deaths arise from the metastatic spread of primary tumors. It has been widely recognized that epithelial-to-mesenchymal transition (EMT) is one of the major mechanisms for carcinoma progression, and the most compelling evidence for the involvement of EMT in carcinogenesis is the ability of multiple EMT regulators to enhance tumor formation and/or metastasis.
EMT is a process whereby epithelial cells lose their epithelial cell features and acquire a mesenchymal morphological phenotype that is associated with some characteristic alterations at the molecular levels. EMT is also a highly fundamental process that is critical for embryonic development, wound healing, and fibrotic diseases [1] [2] [3] [4] . Loss of cell junctions is considered as a crucial step in the progression of tumor invasion. Thus, loss of component molecules of adherens, gap, and/or tight junctions is the basic molecular event during EMT. One of the earliest events of EMT involves the disruption of tight junctions that connect epithelial cells, which is associated with a corresponding decrease or disappearance of tight junction proteins such as zonula occludens-1 (ZO-1) and occludin. Disruption of adherens junction complex, which contains E-cadherin and β-catenin, also contributes to the occurance of EMT [5] . EMT can be triggered by a variety of extracellular signals. Transforming growth factor β (TGF-β), fibroblast growth factor, hepatocyte growth factor, epidermal growth factor family members, and insulin-like growth factor have all been shown to induce EMT in an autowww.cell-research.com | Cell Research Yunneng Tang et al. 317
npg crine or paracrine manner [6] . In the past decade or so, it has been increasingly clear that TGF-β is not only a potent inhibitor for the proliferation of epithelial cells but also, and more importantly, a potent inducer of EMT and apoptosis in many epithelial cells. The mechanism for TGF-β-induced EMT and apoptosis has, therefore, been a focus of study in recent years [7] . In hepatocyte cell lines and primary hepatocytes, TGF-β has been shown to induce the concurrent apoptosis and EMT [8] . In A549 cells (human lung adenocarcinoma cells), TGF-β cannot induce growth arrest and apoptosis, but induces a strong EMT response. Forkhead box transcription factor A2 (FOXA2) belongs to the forkhead box (FOX) gene superfamily [9] . It is required for the formation of the node, notochord, nervous system, and endoderm-derived structures [10, 11] . Besides its importance in regulating embryo development, FOXA2 also plays a key role in metabolism.
It regulates normal bile acid homeostasis [12] and controls lipid homeostasis by affecting the clearance rate of fatty acids through oxidation and/or secretion of lipids in response to insulin [13, 14] . Although FOXA2 was found to be expressed in all types of neuroendocrine lung tumors [15] , and was shown to be a key regulator in colorectal liver metastases [16] , whether FOXA2 functions in human lung tumor development remains to be investigated.
In this study, we examined the expression levels of FOXA2 in several human lung cancer cell lines, and determined TGF-β1-induced changes in the expression levels of FOXA2 in A549 cells. The correlations between the FOXA2 levels and the epithelial/mesenchymal phenotypes were analyzed. The results suggest that FOXA2 is a key target of TGF-β1 in controlling EMT in human lung cancer cells. 
Results

FOXA2 expression is positively correlated with epithelial identities and negatively correlated with mesenchymal identities in human lung cancer cells
TGF-β is one of the most important regulators in EMT. It induces EMT in human lung cancer cells [17] and increases lung cancer cell migration ability [18] . A549 cells undergo EMT in response to TGF-β1 treatment, as determined by cell morphology ( Figure 1A , left) and increased cell migration ability ( Figure 1A , middle and right). Decrease in ZO-1 and E-cadherin protein levels was also used to determine the occurrence of EMT, and interestingly, we found a fundamental decrease in FOXA2 protein levels, which is relatively an early event induced by TGF-β1 ( Figure 1B) . To look into the potential linkage between FOXA2 and EMT, FOXA2 and EMT marker protein levels were examined in three other lung cancer cell lines. As shown in Figure 1C , in the H358 cell line, high FOXA2 levels are associated with high E-cadherin/ZO-1 and low vimentin levels, whereas low FOXA2 levels are associated with low E-cadherin/ ZO-1 and high vimentin levels in H446 and H1299 cell lines. Consistently, the transwell invasion abilities of H446 and H1299 are significantly stronger than that of H358 ( Figure 1D ). These results suggest that FOXA2 
Knockdown of FOXA2 induces EMT and promotes invasion in human lung cancer cells
As there is no previous report showing the role of FOXA2 in EMT, it is important to determine whether FOXA2 functions in TGF-β1-induced EMT in human lung cancer cells. We knocked down FOXA2 in A549 cells by using the lentivirus system. FOXA2 downregulation induced EMT, as shown by the increase in fibronectin level and decrease in ZO-1 and E-cadherin levels (examined by western blotting, Figure 2A , left top, and immunofluorescence staining, Figure 2A , middle and right). Morphological change from square-like epithelial to spindle-like mesenchymal phenotype of cells was also observed (Figure 2A , left bottom). FOXA2 downregulation also significantly increased the invasion ability of A549 cells ( Figure 2B ), as shown under a microscope (left) and by the statistic data (right). FOXA2 downregulation in the H358 human lung cancer cell line also induced EMT, as determined by decreased ZO-1 expression and increased vimentin expression (Supplementary information, Figure S1 ). These results indicate that FOXA2 is required for maintaining the epithelial phenotype and its downregulation can induce EMT and promote the invasiveness of human lung cancer cells.
The role of FOXA2 in controlling EMT suggests a role in tumor invasion and metastasis. We thus investigated the in vivo effect of FOXA2 on tumor invasion and metastasis. Knockdown of FOXA2 significantly increased the size of metastatic nodules of A549 cells in lung compared with scramble control cells, as detected under a dissection microscope ( Figure 2C , left top). H and E (hematoxylin and eosin) staining ( Figure 2C , left bottom) also showed that, 8 weeks after injection of FOXA2 RNAi A549 cells, significantly more space in pulmonary alveolus was occupied by tumor cells compared with the controls. Increased numbers of metastatic nodes in lung after tail vein injection was quantified as shown in Supplementary information, Figure S2A . The results further confirm that knockdown of FOXA2 in tumor cells promoted the formation of metastatic nodules in lung. FOXA2 knockdown also notably increased the number of circulating tumor cells, as detected by realtime PCR ( Figure 2C , right). However, no obvious effect of FOXA2 knockdown on the proliferation rate of A549 cells was observed ( Figure 2D ), suggesting that FOXA2 knockdown increased invasion/metastasis of A549 cells through induction of EMT.
Ectopic expression of FOXA2 suppresses invasion and TGF-β1-induced EMT
As FOXA2 knockdown induces EMT and increases invasion of A549 cells, FOXA2 overexpression might have an opposite effect. An N-terminal flag-tagged mouse FOXA2 or empty vector was transfected into A549 cells by using a lentivirus system. Overexpression of FOXA2 suppressed the TGF-β1-induced EMT, as shown by inhibition of the increase of fibronectin and the decrease of E-cadherin (detected by western blotting, Figure 3A , left top, and immunofluorescence staining, Figure 3A , right), the cell morphological changes ( Figure  3A , left bottom), and the invasion ability of A549 cells ( Figure 3B ). To test whether FOXA2 functions in other human lung cancer cell lines, FOXA2 was overexpressed in H446 and H1299 cells. Overexpression of FOXA2 in these cells also inhibited the EMT, as determined by the upregulation of ZO-1 and downregulation of fibronectin and N-cadherin ( Figure 3C, left) , and suppression of the cell migration/invasion ability ( Figure 3C , middle and right). In contrast with the FOXA2 knockdown, overexpression of FOXA2 inhibited the ability of A549 cells to form metastatic nodules in lungs, as examined by a dissection microscope ( Figure 3D , left top), quantification of the nodules (Supplementary information, Figure S2B ), and by histological analysis ( Figure 3D , left bottom). FOXA2 overexpression decreased the number of circulating tumor cells as well ( Figure 3D, middle) . H-thymidine incorporation analysis showed that overexpression of FOXA2 did not significantly affect the proliferation rate of lung tumor cells ( Figure 3D, right) , suggesting that the suppression of tumor invasion is not due to decreased cell proliferation rate. 
FOXA2 inhibits slug expression in human lung cancer cells
In identifying the potential downstream molecules regulated by FOXA2, we observed that FOXA2 knockdown strongly increased the expression of slug, slightly increased the expression levels of snail and twist, but no sip1 expression was detected ( Figure 4A, left) . Increased slug expression was also determined by western blotting (Figure 4A, right) . As a member of the snail family of C2H2-type zinc finger transcription factors [19] , slug is a negative regulator of E-cadherin expression [20] , and is critical for TGF-β1-induced EMT [21, 22] . Slug expression was shown to be an independent prognostic parameter for poor survival in colorectal carcinoma patients [23] . Slug is an important factor in regulating EMT in human lung cancer cells. Overexpression of slug in H358 cells (a human lung cancer cell line with strong epithelial identities) induced EMT, as shown by the decreased E-cadherin and ZO-1 levels and increased vimentin expression ( Figure 4B ). The results confirmed that slug plays a key role in EMT induction in human lung cancer cells. FOXA2 overexpression significantly inhibited the transcriptional activity of the slug promoter ( Figure 4C) . FOXA2 regulates the transcription of a variety of genes through a conserved binding site [24, 25] . By performing blast analysis, two conserved putative FOXA2-binding sites (named as PBS1 and PBS2) in the slug promoter were detected ( Figure 4D ). In mice, PBS1 and 2 locate in −1 351 to −1 340 and −927 to −916, and in humans, they locate in −1 373 to −1 362 and −1 117 to −1 106, respectively. Thus, it is likely that FOXA2 may regulate slug promoter activity through one or both of these sites.
FOXA2 binds to slug promoter and suppresses slug transcription
To test the potential mechanism through which FOXA2 inhibits slug expression, we performed chromatin immunoprecipitation assay (ChIP assay) using two distinct pairs of primers: P1, detecting only the putative FOXA2-binding site 1; and P2, detecting only the putative FOXA2-binding site 2. As shown in Figure 5A , FOXA2 binds to the slug promoter through PBS1 but not PBS2. TGF-β1 treatment (2 ng/ml, 2 days), which decreased FOXA2 protein level, abolished the interaction. By electrophoretic mobility shift assay (EMSA) using a 5′ end biotin-labeled probe that contains triple repeat of PBS1, the binding between FOXA2 and PBS1 was verified ( Figure 5B) .
The FOXA2 protein contains four transactivation regions and a DNA-binding region [26, 27] . By consecu- tive DNA sequence truncations and a luciferase activity assay, we observed that both regions I (aa 157-258) and II (aa 372-385) of FOXA2 are required for the inhibition of slug promoter activity. By contrast, regions III (aa 445-458), IV, and V (aa 1-93) are not required for this inhibitory effect. The DNA-binding region (region I) plus the C-terminal transactivation region III showed no significant inhibition on the slug promoter. However, the DNA-binding region plus the C-terminal transactivation region II inhibited slug promoter's transcription activity ( Figure 5C ). These results indicate that upon binding to the slug promoter, FOXA2 inhibits slug transcription through its transactivation region II.
Schematic illustration
A schematic model was drawn to summarize our findings ( Figure 6 ). In resting state of cells, FOXA2 binds to PBS1 in the slug promoter through its DNA-binding region, and suppresses slug transcription through its transactivation region II. TGF-β1 treatment decreases FOXA2 expression, thus activating slug transcription and leading to EMT in human lung cancer cells
Discussion
Lung cancer is one of the leading causes of cancerrelated deaths, with an incidence of 1.2 million per year and mortality of 1.1 million per year [28] . Its major etiological factor is tobacco smoking, which leads to inhalation of many carcinogens that play a role in causing the genetic and epigenetic changes in the respiratory epithelium during the multistage process of carcinogenesis [29] . Understanding the mechanisms involved in lung cancer invasion and metastasis is critical for lung cancer therapy. The genetic changes include activation of protooncogenes and inactivation of tumor suppressors. FOXA2 is a 'pioneer' transcription factor; it plays an indispensable role in embryo development, neural patterning, and or-
npg gan genesis [30] . In adulthood, FOXA2 has been shown to control metabolic homeostasis and to contribute to insulin resistance [14] . Very little is known about the roles of FOXA2 in EMT and tumor metastasis. Our study shows that depletion of FOXA2 induces EMT and promotes the invasion of human lung cancer cells into the circulating system. Overexpression of FOXA2 inhibits human lung cancer cell invasion and migration. Because overexpression of FOXA2 inhibited the anchorage-independent cell growth, as shown by decreased colony formation of A549 cells in soft agar (Supplementary information, Figure S3A ), whereas knockdown FOXA2 increased the colony formation of cells in soft agar (Supplementary information, Figure S3B ), FOXA2 is likely important for anchorage-independent cell survival and growth, which are closely related with cell anoikis. These data suggest that FOXA2 is an important tumor suppressor, which functions in multistages of tumor development. Endogenous FOXA2 protein level was markedly downregulated as early as 3 h after TGF-β1 treatment, but it is not the case for the ectopically expressed flag-tagged FOXA2. The exogenous FOXA2 transcription is controlled by the H1 promoter, which is not regulated by TGF-β1. The fact that TGF-β1 treatment did not significantly decrease exogenous FOXA2 indicates that the regulation of FOXA2 level by TGF-β1 was not through a posttranscriptional mechanism. In other words, TGF-β1 downregulates FOXA2 expression mainly at the transcriptional level. The fact that the levels of FOXA2 mRNA decreased rapidly in response to TGF-β1 treatment further supports the above conclusion (Supplementary information, Figure  S4A ). Nevertheless, how TGF-β1 regulates FOXA2 transcription, and whether this is through a Smad-dependent or -independent mechanism remains to be characterized. Interestingly, no FOXA1 expression in A549 cells was observed (Supplementary information, Figure S3A ). FOXA1 is weakly expressed in HCC827, but no detectable FOXA1 level was observed in H1299 and H358 (Supplementary information, Figure S4B ). The EST profile from NCBI also showed that the expression level of FOXA1 in human lung cancer is much lower than that of FOXA2 (Supplementary information, Figure S4C ). Thus, FOXA1 may not fulfill the function of FOXA2 in this case.
As a key mediator of EMT, slug is regulated by TGF-β1 in a Smad-dependent manner. It has been shown that Smad3 forms a complex with myocardin-related transcription factors and binds to the slug promoter to activate slug transcription [31] . However, the mechanism that negatively regulates slug expression remains very poorly understood. In this study, FOXA2 was shown for the first time to suppress slug transcription via a mechanism of binding to the promoter of slug through a conserved binding site. Knockdown of FOXA2 induces slug expression in human lung cancer cells. These findings provide an insight into the complex signaling network involved in slug regulation. In this network, both positive and negative regulators act together to control slug expression. Thus, abnormal changes in either positive or negative signaling molecules can alter slug expression and cause EMT in human lung cancer cells.
Deletion of FOXA2 in the epithelial cells of the developing mouse lung inhibits the differentiation of respiratory epithelial cells and causes neonatal respiratory failure, with the characteristics of respiratory distress syndrome in preterm infants [32] . A recent report showed that FOXA2 plays an important role in epithelialization, and FOXA2-mutant endodermal cells fail to maintain polarity and do not establish proper cellular junctions, and are thus unable to functionally integrate into the endoderm epithelium [33] . Another most recent study showed that FOXA1/2 are negative regulators of EMT in human pancreatic cancer [34] . These results are highly consistent with our findings that FOXA2 is an essential epithelium maintainer in human lung cancer cells. These data suggest that FOXA2 may be a universal regulator of the epithelial and mesenchymal switch in both normal and cancer cells.
In brief summary, we found that FOXA2 is a new TGF-β1 target that regulates EMT in human lung cancer cells. FOXA2 inhibits EMT and tumor metastasis by suppressing slug transcription through a conserved binding site in the slug promoter. The DNA-binding region and C-terminal transactivation region II of FOXA2 are required for repressing slug transcription. These results suggest that FOXA2 is a potential new drug target for lung cancer treatment and that it can be used as a prognostic marker for cancer progression.
Materials and Methods
Cell culture and transfection
293T and A549 cells were grown in DMEM containing 10% FBS supplemented with penicillin (100 U/ml) and streptomycin (100 mg/ml). H358, H446, and H1299 cells were grown in 1640 medium containing 10% FBS supplemented with penicillin (100 U/ml) and streptomycin (100 mg/ml). AML-12 cells were grown in a 1:1 mixture of DMEM and Ham's F12 medium containing 10% FBS and supplemented with insulin-transferrin-selenium-X, dexamethasone (40 ng/ml), penicillin (100 U/ml), and streptomycin (100 mg/ml). The cells were incubated at 37 °C in a humidified atmosphere of 5% CO 2 .
Antibodies and reagents
All cell lines were originally purchased from the American Type Culture Collection (Manassas, VA, USA). Cell culture and transfection reagents were bought from Invitrogen (Carlsbad, CA, USA). TGF-β1 was from Chemicon (Millipore, Billerica, MA). Mouse monoclonal antibodies against FOXA2 (ab60721) and flag (F3165.2MG); rabbit polyclonal antibody against slug (ab63119); and mouse monoclonal antibody against ZO-1 and vimentin were purchased from Invitrogen. Mouse monoclonal antibody against E-cadherin was from BD Biosciences (San Jose, CA, USA).
Migration assays
Cell migration assays were performed using Transwell migration chambers (8 µm pore size; Costar) according to the vendor's instructions. For A549 cell, 50 000 cells were plated into the insert of the well and represent photos were taken under a 200-fold vision. For other cell lines, 20 000 cells were plated into the insert of the well and represent photos were taken under a 100-fold vision.
Preparation of cell lysates, western blotting, and immunofluorescence staining
Cells were lysed in 10 mM Tris (pH 7.4), 1 mM EDTA, 0.5 mM EGTA, 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 10 mM Na 4 P 2 O 7 ·10 H 2 O, 5 µg/ml aprotinin, 5 µg/ml Leupeptin, and 1 mM PMSF. Western blotting and immnofluorescence staining were performed as previously described [35] .
H-thymidine incorporation analysis
Cells were labeled with 3 H-thymidine (0.1 ACi/ml) in the last 4 h of incubation. The assay was conducted as previously described [36] .
ChIP assay
ChIP assays were performed according to the manufacturer's instructions (Upstate, 9002). DNA-protein complexes were amplified by PCR for 25 cycles in the presence of 1.5 mM MgCl 2 , 200 µM dNTPs, and 10 pmol of primers. Precipitated DNA (10%) was used for each PCR. PCR products were separated by electrophoresis on 1.5% low-melt agarose gels and visualized with ethidium bromide. All ChIP experiments were repeated at least three times.
Lentiviral transduction
Cell lines stably expressing FOXA2 shRNA are established using a vector-based shRNA technique. All shRNAs were from Sigma. The human FOXA2 shRNA target is 5′-ctcctcttaagaagacgac-3′. The shRNA control (scramble) sequence is 5′-gaattactcctagaaccgc-3′. Lentiviruses were produced by cotransfecting subconfluent 293T (human embryonic kidney) cells with an expression plasmid and a packaging plasmid (pMDLg/pRRE and RSV-Rev) by calcium phosphate transfection. To collect infectious lentiviruses, supernatants were centrifuged to remove cell debris and filtered through 0.45-µm filters (Millipore). Cells were infected with the lentivirus containing FOXA2 or scramble nontarget shRNA. The FOXA2 knockdown efficiency was determined by western blotting. To generate cells stably overexpressing FOXA2 or slug, fulllength FOXA2 cDNA or slug cDNA was cloned into a lentiviral vector, and the lentiviruses were prepared as described above and 
Blood RNA isolation, reverse transcription and real-time PCR analysis
Blood from mice was isolated and red blood cells were lysed. Total RNA was extracted from A549 cells using Trizol reagent. Then mRNA was reverse transcribed at 42 °C for 30 min using ReverTra Ace-α (Toyobo). The presence of circulating tumor cells was assessed as a function of human-specific GAPDH (hGAPDH) expression relative to mouse-specific GAPDH (mGAPDH). Realtime PCR was performed using Power SYBR Green PCR Master Mix with Applied Biosystems 7500 Fast Real-Time PCR system. The relative amount of expression was calculated from a relative standard curve obtained using log dilutions of cDNA containing the gene of interest.
Animal experiments
Nude mice are used and are bred in SPF animal house. All animal work was done in accordance with a protocol approved by the Shanghai Experimental Animal Center (Chinese Academy of Sciences). Experimental metastasis assay was performed as described by Han et al. [37] . Circulating tumor cells in blood were measured as described by Padua et al. [38] . Control shRNA cells, FOXA2 knockdown cells, control FOXA2 overexpressing cells, and FOXA2 overexpressing cells (1 × 10 6 cells; n = 3 mice each) were injected into the lateral tail vein of 5-week-old nude mice. After 8 weeks, Blood from mice was isolated and red blood cells were lysed. RNA from the remaining cells was extracted for qRT-PCR.
Electrophoretic mobility shift assay
EMSA assays were performed according to the manufacturer's instructions (PIERCE, 20148) with a minor revision. Nondenatured nuclear proteins were extracted and mixed with 5′-end biotin-labeled probes, and then the mixtures were separated by 6% nondenatured gel electrophoresis, transferred onto a nylon membrane, and the shift and super-shift bands were examined with ECL using biotin antibody.
Statistical analysis
Quantitative data are expressed as means ± SEM. Statistical significance was determined by the Student's t-test. A P-value of < 0.05 was considered statistically significant (*P < 0.05, **P < 0.001).
